During cell division, transcription factors (TFs) are removed from chromatin twice, during DNA synthesis and during condensation of chromosomes. How TFs can efficiently find their sites following these stages has been unclear. Here, we have analyzed the binding pattern of expressed TFs in human colorectal cancer cells. We find that binding of TFs is highly clustered and that the clusters are enriched in binding motifs for several major TF classes. Strikingly, almost all clusters are formed around cohesin, and loss of cohesin decreases both DNA accessibility and binding of TFs to clusters. We show that cohesin remains bound in S phase, holding the nascent sister chromatids together at the TF cluster sites. Furthermore, cohesin remains bound to the cluster sites when TFs are evicted in early M phase. These results suggest that cohesin-binding functions as a cellular memory that promotes re-establishment of TF clusters after DNA replication and chromatin condensation.
INTRODUCTION
A large fraction of the human genome encodes information about when and where genes should be expressed. This information is embedded into at least three different types of gene regulatory elements: promoters, enhancers, and insulators (Ong and Corces, 2011) . The interaction between enhancers and promoters is thought to involve DNA looping, mediated by two protein complexes, mediator and cohesin. The mediator complex links sequence-specific TFs with RNA polymerase II (pol II). Cohesin, in turn, is a large ring-shaped molecule, capable of encircling two DNA strands. Its name comes from its first identified function, the establishment of cohesion between sister chromosomes (Nasmyth, 2011; Sherwood et al., 2010) . Later, it was found that cohesin also has a role in transcription (Rollins et al., 1999) . The insulator protein CTCF (Wendt and Peters, 2009 ) recruits cohesin, and cohesin can also be loaded to promoter and enhancer elements in a CTCF-independent fashion (Kagey et al., 2010) .
Although transcription is understood in broad conceptual terms, building predictive models has proven challenging. Even modeling where in the genome TFs bind has proven to be a formidable task. TF binding to DNA is a competitive reaction, in which the ensemble of all TFs in a cell compete against histones. Therefore, understanding where a single TF binds requires knowledge of the entire system. However, even the largest efforts so far, HT-ChIP (Garber et al., 2012) and the ENCODE project (Gerstein et al., 2012) , have only analyzed less than 50 TFs in a single cell type, a number far below the estimated number of TFs active in a cell.
How the pattern of binding of hundreds of different TFs can be efficiently inherited after cell division is unclear, as even in E. coli, whose genome size is 0.15% of that of a human, it takes a single TF minutes to find its binding site (Hammar et al., 2012) . Methods such as DNase I hypersensitivity have suggested that only a fraction of the human genome is accessible for TF binding (see, for example, Thurman et al., 2012) , greatly increasing the speed by which TFs can find their target sites. However, the mechanisms by which such accessible regions could be inherited are unclear. They have been suggested to be marked by modified histones, which bind DNA more weakly than unmodified histones (Bode et al., 1980; Oliva et al., 1987) and facilitate TF binding (Lee et al., 1993) . The modified histones could survive S phase by being backloaded after passage of the replication fork. However, the precision of backloading appears insufficient to mark short accessible regions (Radman-Livaja et al., 2011) . Also, histone modifications at marked sites have been shown to be temporarily lost upon passage of the replication fork (Petruk et al., 2012) , ruling out purely histone-based mechanisms of inheritance of accessible DNA. Most TFs are also evicted from DNA in early M phase (Martínez-Balbá s et al., 1995; Zaidi et al., 2010) , when chromatin is condensed. Although some accessible regions remain bound by specific TFs, a general mechanism by which accessible regions are carried through M phase has not been identified.
Using a high-throughput ChIP-seq pipeline, we have determined the binding patterns of expressed TFs in two colon cancer cell lines. We find that TF binding is highly clustered, typically forming clusters of tens of different TFs. The clusters are enriched in binding motifs for multiple major TF families, and virtually all of them contain cohesin. Cohesin proximal DNA is depleted of histones, and accessible to TF binding and to DNase I. Depletion of cohesin resulted in decrease of DNA accessibility and TF binding, indicating a causative role for cohesin in promoting TF cluster formation. Analysis of cohesin binding during the cell cycle indicated that cohesin remains bound at TF cluster positions in S phase and in early M phase, when most TFs are evicted from DNA. These results suggest that cohesin facilitates re-establishment of TF clusters after DNA replication and cell division.
RESULTS

High-Throughput ChIP-Seq
To gain a comprehensive understanding of TF binding in human cells, we developed a high-throughput ChIP-seq (HT-ChIP-seq) and quality control (QC) pipeline. We applied it to mapping of the binding locations of expressed TFs (Table S1 ) in human colorectal cancer (CRC) LoVo cells ( Figure 1A ). In addition, we mapped enhancer, promoter and insulator markers (modified and variant histones, p300), three subunits of cohesin (SMC1A, SMC3, and RAD21), the cohesin loading factor NIPBL, two mediator subunits (MED1, MED12), and CTCF (Rollins et al., 1999; Heintzman et al., 2007; Visel et al., 2009; Kagey et al., 2010; Nasmyth, 2011) .
Of the 134 TFs annotated by Vaquerizas et al. (2009) that are present on Affymetrix HG133plus2 arrays and highly expressed in LoVo (log 2 intensity > 7), we obtained antibodies for 110 (82%). In the screen, we also included antibodies for TFs that are expressed at lower levels (561 in total; 102 were also used in another CRC cell line, GP5d). The LoVo experiments were performed in two completely separate batches; main and control batches comprising 239 and 322 antibodies, respectively. Unless indicated otherwise, analyses were performed using data from the main batch.
From the main batch, 112 TF ChIP-seq experiments resulted in enrichment of specific DNA sequences. The number of peaks ranged from 306 for MAZ to 45 040 for JUND (Table S1 ). TFs whose mRNA was expressed highly tended to have more peaks than weakly expressed TFs (R 2 = 0.09, p < 0.005). To determine whether co-occurring TF pairs bound to the same or different sites, we developed a peak shape similarity score (see Extended Experimental Procedures). Plotting this score as a function of overlap between TF peaks (Figure S1A available online) revealed that in general, co-occurring TF pairs bound to different sites, whereas cohesin and mediator subunits bound to the same sites.
Comparison to ENCODE Data
To test our QC pipeline, we applied it to data from the ENCODE consortium (Gerstein et al., 2012) . This data set represents the largest analysis of TF binding to date, consisting of 216 experiments from 16 cell lines, analyzing up to 44 sequence-specific TFs (in K562 cells). Our QC pipeline scored 94% of all ENCODE experiments as successful, including all sequence-specific TFs in K562 cells ( Figure 1B ), indicating that it is very sensitive. The ENCODE negative control samples were never scored as successful, and the success rate of our experiments was of a similar magnitude to that reported by ENCODE (see Extended Experimental Procedures).
TFs Bind to the Genome in Dense Clusters
Previous experiments in model organisms and in human cells have found that the genome contains regions of high TF density (hotspots, or clusters; see, for example Boyer et al., 2005; Moorman et al., 2006) . To analyze whether the peaks in LoVo cells were clustered together, we analyzed the distribution of the distances between adjacent peak summits (intervals). This analysis revealed a striking degree of clustering of the TF peaks: 75% of the TF peaks were localized in only 0.8% of the genome (Figure 1C) . A corresponding analysis of the more limited data from ENCODE revealed a similar trend. However, the full extent of TF clustering only became apparent when a relatively large number of TFs were analyzed ( Figure 1D ). To determine the average width of TF clusters, we plotted a histogram of genomic distances from every peak to the nearest peak in each of the other experiments. The distribution of distances was clearly bimodal; short intervals were well described by a geometric distribution (mean 376 bp; Figure 1E ). In such a distribution, 99.5% of the predicted intervals are smaller than 2 kb. These results suggest that TFs cluster to regions that are less than 2 kb wide.
It is well established that TFs act combinatorially (Levine 2010) . Therefore, clustering of functionally related TFs is expected, and has been observed (e.g., Boyer et al., 2005; Roy et al., 2010; Stanojevic et al., 1991) . To determine whether TFs primarily bind together based on function, we used the 2 kb (D) Fraction of the genome needed to cover 75% of the peaks as a function of the number of TF experiments sampled from our LoVo study (boxes) and in our GP5d study or ENCODE data (colored circles). Note that the clustering of the TF peaks becomes more apparent with increasing number of experiments. (E) Determination of the width of the TF clusters. Distribution of peak-peak distances between each pair of TFs in the genome (light blue) is bimodal, and can be modeled with two distributions representing peak pairs in the same (red) and different (black) clusters. (F) Network representation of peak co-occurrence. Nodes represent experiments, and edges are drawn between two nodes when either of the TFs co-occurs within 2 kb of the other more than 65% (see Figure S1 ) of the time. Node color ranges from yellow to red as a function of the number of peaks. Node size is also proportional to the number of peaks. Note that CTCF (blue border) co-occurs with cohesin (green), but not with MED12 (orange), NIPBL (red) or other TFs (black). Layout (y-files organic) is deterministic and force-directed, resulting in central location of the most connected nodes. Inset shows heatmap of the co-occurence measures. For full annotation, see Figure S1 and Table S2 . In (D), boxes indicate the middle quartiles, separated by median line. Whiskers indicate last values within 1.5 times the interquartile range for the box.
cut-off to identify pairs of TFs that frequently co-occurred. As described before (Gerstein et al., 2012; Kagey et al., 2010) , strong co-occurrence was observed between subunits of mediator and cohesin, cohesin and CTCF, and factors sharing a few GO annotations, among them ''promoter binding'' and ''dimer formation.'' However, analysis of the data revealed also surprisingly high overlap between most other TF pairs that do not share a function based on GO annotations (Table S2 and Figure S1B , inset).
Network analysis resulted in a single connected network that encompassed 92 of the 112 TFs. Of the TFs that did not connect to the network, most did not enrich an expected motif and/or had low number of peaks. No major subnetworks containing exclusive sets of TFs were observed -instead, one or more cohesin subunits were connected directly to all but two (E2F8 and DLX1) of the TFs that comprised the network (Figures 1F and S1C) .
We next identified clusters of peaks (Table S3 ) using an algorithm that iteratively identifies nonoverlapping windows of % 2 kb that contain the highest number of peaks. Despite the fact that peaks in the genome were distributed extremely unevenly into clusters, within these clusters, the peaks were distributed relatively evenly ( Figure S1D ).
Analysis of peak composition of clusters containing more than 20 peaks (large clusters hereafter) to identify a minimal required set to determine the clusters identified mediator and cohesin subunits as the best individual features. Removing these resulted in identification of several pairs of factors, one factor in each pair was always either MYC or NIPBL (Table S3) .
TF Clusters Are Enriched in Known TF Motifs
To validate the clusters and to identify sequence features that characterize them we identified enriched motifs de novo from promoter distal clusters. The clusters were heavily enriched in motifs, most of which were similar to known in vitro motifs (Badis et al., 2009; Jolma et al., 2013) for CTCF and for different classes of TFs, including C2H2 zinc finger, ETS, bZIP, nuclear receptor, GATA, homeodomain, NFI, and forkhead proteins ( Figure 2A ). Relatively few novel motifs were discovered; most of these contained the trinucleotide C(A/T)G. Discovery of motifs from clusters lacking CTCF peaks resulted in identification of most of the same motifs ( Figure S2 ).
As de novo methods only detect strongly enriched motifs, we also used a collection of in vitro motifs that represent binding preferences of human TFs (see Jolma et al., 2013) . A large fraction of these (84 of 239) were significantly enriched in clusters ( Figure 2B , inset). The most enriched motifs, in addition to the de novo discovered ones were those corresponding to NRF1, HINFP, TFAP2 and GLI-type C2H2 zinc finger proteins GLIS2 and ZIC1.
We next tested whether clusters could be located from 10 kb local sequence contexts using motif matches alone. A call within 500 bp of known cluster center was considered accurate. Accuracy was optimal ($34%) with relatively relaxed motif matching criteria, suggesting that weak TF sites are responsible for a substantial fraction of all TF-binding events in TF peak clusters ( Figures 2C and 2D) . A random forest classifier correctly predicted 81% of clusters, with a false positive rate of 18.5%. Removing CTCF as a predictor did not materially affect the success rate (see Extended Experimental Procedures). Taken together, these results indicate that the clusters are enriched in motif matches, and that binding sites in the clusters are not biochemically different from the fewer sites that occur outside of the clusters.
TF Clusters Are Associated with Gene Expression and Enhancer Marks
The number of peaks (size hereafter) in TF clusters within 2 kb of transcription start site (TSS) correlated positively with gene expression level ( Figure 2E ), and genes that contained a cluster in one cell line but not in the other were differentially expressed ( Figure 2F ). Cluster density within the genome correlated well with gene density, but not with genomic copy number (Figures 3A, 3B and S3) . Furthermore, clusters were more conserved in mammals than individual TF peaks or regions that had only a few TF peaks ( Figure 3C ). More than 50% of large clusters were located outside of promoters (>2 kb from a TSS). Both promoter proximal and distal clusters were enriched in mediator subunits, depleted of nucleosomes and flanked by modified and variant histones ( Figure 3D ). These results indicate that the identified clusters are biologically relevant, as the genomic loci they occupy are enriched in conserved sequences, and in established promoter and enhancer marks (Barski et al., 2007; Heintzman et al., 2007; Jin et al., 2009) .
The cluster positions were remarkably robust to selection of experiments, and criteria used in cluster and peak calling (Figures 4A, 4B, and S3A) . Furthermore, over 60% of the clusters overlapped with clusters identified in another colon cancer cell line, GP5d, using a more limited set of ChIP-seq analyses (Figure 4C) . The robustness of cluster calls indicates that the clusters are overall similar to each other in their TF content, and that the observed clustering of TF peaks accurately reflects binding of TFs to only a small fraction of the genome.
Cohesin Binding Is a Common Feature of TF Clusters
Analysis of shared features of the clusters revealed that strikingly, almost all clusters contained cohesin ( Figure 4D ). Cohesin proximity was also a more sensitive predictor of TF clusters than other well established correlates, including histone H3 K27 acetylation, FAIRE or DNase I hypersensitivity (Creyghton et al., 2010; Giresi et al., 2007; Thurman et al., 2012; Figures 4E and S4;  Table S4 ), suggesting that cohesin may have a role in cluster formation or function. Using any predictor, clusters were easier to call than individual TF-binding sites ( Figure 4E and data not shown).
The colocalization of almost all TF clusters with cohesin is of particular interest, as cohesin is known to form a ring that links the two sister chromatids together after DNA replication, raising the possibility that it could provide a natural mechanism by which accessibility of DNA is inherited. Such a role for cohesin would require that (1) cohesin-proximal DNA is accessible, (2) cohesin facilitates TF binding, (3) cohesin binds together the sister chromatids at TF cluster sites, and that (4) cohesin positions remain stable in S and early M phases.
Cohesin Depletion Decreases DNA Accessibility and TF Binding To address if this model is correct, we analyzed whether cohesin-proximal DNA is accessible for TF binding using DNase I hypersensitivity assay. Cohesin proximal sites were accessible both within and outside of clusters ( Figure 5A ). As expected, clusters were enriched in TF motifs. In contrast, the regions where cohesin was found in the absence of TFs were depleted of motifs ( Figure 5A ; p < 2.2 3 10 À16 , Wilcoxon test).
To more directly test whether cohesin-proximal DNA is accessible for TF binding, we analyzed the distribution of TF peaks near cohesin in large clusters. The TF-binding density was highest directly under cohesin peaks, and did not display the dip observed for histone H3 ( Figure 5A ). Nucleosome occupancy at cohesin sites was also markedly decreased, even at sites that did not contain peaks for other TFs ( Figure 5A) . A model of nucleosome DNA-binding preferences (Kaplan et al., 2009) could not explain the decrease in nucleosome occupancy at the cohesin position, even though it correctly predicted an increased occupancy flanking the cohesin sites. Furthermore, the depletion of nucleosomes was not observed in the small TF clusters that lacked cohesin (data not shown), indicating that binding of a few TFs alone does not cause nucleosome depletion of similar magnitude.
To test whether cohesin has a causative role in TF DNA binding, we depleted cells of cohesin using RAD21 siRNA ( Figure 5B ). (C) Histograms of relative positions of predicted cluster calls at increasing stringency levels of motif matching, ranging from very low (top) to high (bottom). Note that a fairly low stringency (1 site per 10 kb) results in most accurate prediction calls. (D) Heatmap of the data used to obtain the most accurate predictions from (C). Clusters are sorted by position of the cluster prediction call (black dotted line). Horizontal lines separate accurate cluster calls (middle) from calls more than 500 bp off the known cluster center (top and bottom). Note that although many clusters are correctly predicted, in most cases the region with highest motif match density is not at the center. Even in these cases, however, the increased density at center is often visible. (E) Cluster size at TSS predicts gene expression level (y axis). Boxes indicate the middle quartiles, separated by median line. Whiskers indicate last values within 1.5 times the interquartile range for the box. (F) Clusters predict cell-type-specific gene expression. Boxplot of expression values for genes where one cell line has no promoter cluster (À), whereas the other has a large promoter cluster (+). Data from top 100 genes ranked by promoter cluster size, where the other cell-line has no promoter cluster are shown. Boxes indicate the middle quartiles, separated by median line. Whiskers indicate last values within 1.5 times the interquartile range for the box. See also Figure S2 and Table S3 .
Consistently with earlier observations that cells tolerate well a transient decrease in cohesin levels (Schuldiner et al., 2008; Kagey et al., 2010) , we observed little toxicity of RAD21 siRNA after 3d ( Figure S5 ). Loss of RAD21 led to a decrease in expression of genes containing large clusters at their TSS ( Figure 5C ), a decrease in accessibility of cohesin-proximal DNA as measured by DNase I hypersensitivity, and a concomitant loss of nucleosome-depletion at the cohesin site ( Figures 5D and 5E) . A decrease of TF binding was also observed, and sites that were located closer than 1 kb of cohesin ( Figure 5F ) were more strongly affected than more distal sites. The observed decrease in TF binding was less than that observed for RAD21 itself (to 42% of control, data not shown), suggesting that cohesin acts as a facilitator of TF binding by promoting DNA accessibility rather than being absolutely required for TF binding to chromatin. Figure S3 and Table S1 .
Cohesin in TF Clusters Holds Nascent Sister Chromatids Together Next, we analyzed whether cohesin at cluster sites functions similarly to centromeric cohesin in encircling the two sister chromatids in trans after DNA replication, or if it functions in a different manner, and is located at cluster sites because it encircles an enhancer-promoter pair on a single chromosome. First, we analyzed Rad21 binding in mice deficient of Myc-335, a conserved large cohesin-associated TF cluster upstream of the Myc oncogene (shown in Figure 3A ; Sur et al., 2012) . The MYC-335 enhancer is known to loop to the MYC promoter (Pomerantz et al., 2009) . If a single cohesin complex located at this region would bind together the two genomic sites, it would be expected to contribute to peaks at both of these two sites, and loss of binding at the cluster site would thus be expected to affect binding elsewhere in the same region (either by loss of Rad21 at the promoter site, or by compensatory gain at another enhancer site). However, if two separate cohesin molecules are involved in looping, and a single cohesin binds together the two sister chromatids, loss of the region would not affect cohesin binding elsewhere. Analysis of Rad21 binding in colon of wildtype mice and mice deficient of the Myc-335 cluster region revealed that loss of the cluster affected Rad21 binding only at the cluster site ( Figure 6A ), suggesting that cohesin encircles the sister chromatids.
To more directly test this, we developed a ''sister chromosome proximity ligation'' (SCPL) assay to determine whether two sister chromosomes are closely associated at cluster sites after DNA (E) Prediction of TF peaks, CTCF peaks and large TF clusters (Clusters) using a specific PWM model for each TF (left), proximity to cohesin (middle) or DNase I hypersensitive site (right). Peaks or clusters whose summits are in the predicted regions (see Experimental Procedures for details) are in dark blue on the left side of the vertical lines. Peaks or clusters that could not be predicted are in light blue on the right side. Total length of each bar indicates the total number of peaks or clusters for the indicated experiment. Note that cohesin is the most sensitive predictor for individual TFs, CTCF, and TF clusters. Thick bars below the x-axes indicate false positive rate (prediction of random genomic regions). See also Figure S4 and Table S4. replication (see Extended Experimental Procedures). Much stronger sister proximity signal was detected from S and M phase-arrested cells compared to growing cells that are mostly in G1. These results clearly indicate that two sister chromatids are linked by the cohesin ring after S phase, indicating that cohesin at cluster sites contributes to sister chromatid cohesion ( Figure 6B ).
Cohesin in TF Clusters Remains Positioned through S and Early M Phases
We next tested whether cohesin positions remain stable during cell cycle progression. ChIP-seq analyses revealed that cohesin remained bound to the cluster sites in S phase arrested cells ( Figure 7A ), later in S phase ( Figure S6) , and in cells arrested in early M phase ( Figure 7A ), indicating that it is neither moved by the replication fork, nor displaced during chromosome condensation. As CTCF can recruit cohesin, and has been found earlier to remain bound in M phase (Burke et al., 2005) , we also investigated specifically whether cohesin that is located at TF clusters that do not contain CTCF remains bound in M phase. Comparing ChIP-seq results for CTCF and cohesin at M phase revealed that cohesin remained bound regardless of the presence of CTCF ( Figure S7A ), indicating that CTCF is not required for persistence of cohesin binding in M phase.
Interestingly, consistent with a proposed role of cohesin in DNA replication initiation (Guillou et al., 2010) , DNA proximal to cohesin located in TF clusters was replicated early, and DNA polymerase-ε peaks flanked cohesin on both sides ( Figures  S7B and S7C) . In addition, analysis of binding of cohesin, histone H3 and a subset of TFs revealed that in early M phase, cohesin remained strongly bound, whereas the TFs were largely cleared from DNA, and the histones packed tighter around cohesin at the cluster sites ( Figures 7A and 7B) . Furthermore, although TFs are cleared from the cluster sites, DNA proximal to cohesin remained (E) Number of DNase I cut positions normalized to total number of mapped reads (y axis) centered at CTCF (top) and REST (bottom) peaks in cells treated or not with RAD21 siRNA. Note that RAD21 loss affects DNase I sensitivity at CTCF sites, but not at REST sites that are generally located farther from cohesin. (F) RAD21 RNAi -induced loss of cohesin selectively affects peak height close to cohesin (SMC3) sites. Graph shows peak height of six TFs after RAD21 RNAi relative to neutral siRNA treated cells as a function of distance of peaks from closest SMC3 peak. Bottom: fraction of peaks in each bin for the different TFs. Inset shows effect for each TF separately (in bins highlighted in red and green in the main graph). Note that the TFs that are not affected by RAD21 loss (RFX2, REST) also prefer to bind far from cohesin sites (bottom). See also Figure S5 and Table S5. accessible for binding as indicated by DNase I hypersensitivity ( Figure 7B ). These results indicate that cohesin carries information about position of the TF clusters during the S and M phases, when TFs are cleared by the replication fork and chromosome condensation, respectively.
DISCUSSION
The human genome encodes $1,400 TFs (Vaquerizas et al., 2009 ) that act in a combinatorial fashion to activate or repress target genes. Existing data on sequence-specific TF binding has focused either on in vitro analyses of TF-binding specificity, or on analyses of a few TFs per cell type. The largest effort to understand transcription, the ENCODE project, in turn, focuses on annotating human gene regulatory elements, and does not attempt to directly address mechanistic questions about TF binding.
In this work, we have performed high-throughput ChIP-seq analyses for the majority of highly expressed TFs in a human cell. The results were classified using an automated QC pipeline, yielding a total of 151 successful experiments. The resulting resource represents a much larger set of information about TF binding in one cell type than existing data, allowing analysis of the general principles of TF binding inside cells. Treating the data set as an ensemble and analyzing its properties allowed us to identify a striking level of clustering of individual TF peaks to regions corresponding to less than 1% of the genome. All primary data are deposited to public repositories.
Biological Role of Clusters
We find here that both functionally related and unrelated TFs cluster together, and almost all of the cluster sites are bound also by cohesin. The clustering of functionally related TF peaks is well established. However, clustering of unrelated TFs has also been observed previously in experiments analyzing a limited set of TFs in Drosophila (Moorman et al., 2006) . Our study analyzes more than 20 times the number of TFs than this early study, revealing a far greater extent of clustering of unrelated TFs than previously shown.
Our results indicate that the number of different TFs in the clusters is much higher than what is expected from a model where highly specific combinations of TFs are important for regulation of most genes. Machine learning to identify sets of peaks that would cover all clusters resulted in a surprisingly small minimally required set, consisting of only cohesin or mediator subunits. These results suggest that despite the well established role of particular TF combinations in cell fate determination and development (Levine, 2010; Takahashi and Yamanaka, 2006) , most combinations of TFs observed are not the result of an adaptive process (see also Lynch, 2007) , but represents binding of TFs to weak sites located in accessible DNA. Based on relatively low conservation of the sites themselves, most of them appear to be under little selective pressure.
However, the expression level of genes correlated strongly with the number of TF peaks in their promoters, suggesting that TFs bound to clusters are active, and contribute additively to the expression level of nearby genes. Presence or absence of clusters was also predictive of gene expression across the two cell lines analyzed in this study.
The biological importance of the clusters is also highlighted by the increased conservation of clustered TF peaks, and broad enrichment of motifs for major classes of TFs, with 84 distinct binding specificities displaying significant enrichment in clusters. Of note, among the motifs enriched most strongly were known mitotic bookmarking and pioneer factors, including CTCF and FOXA1. We also observed a depletion of nucleosomes at TF clusters, and an increase in ordering of nucleosomes bordering the clusters, suggesting that the flanking nucleosomes are packed against a barrier (see also Zhang et al., 2011) .
Prediction of TF Sites and Clusters
In general, similar motifs are identified using either in vitro methods or computational mining of ChIP-seq enriched regions. Despite this, computational prediction of where TFs bind in the genome is difficult. We find here that TF peaks are broadly enriched in binding motifs for a large number of other TFs, suggesting that binding of a TF to DNA in vivo depends on proximal binding of other TFs in a promiscuous fashion ( Figure S2 ). Consistent with this, prediction of TF clusters based on TF motif matches is much easier than prediction of individual peaks. Prediction was improved when relatively weak motif matches were included in the analysis, suggesting that most TF binding in cells occurs at sites with suboptimal affinity. However, only $34% of clusters could be predicted from their genomic context using currently known TF motifs; this suggests that additional data on TF monomer and heterodimer binding specificities is needed to accurately predict TF cluster positions. Prediction of TF binding can also be dramatically improved by using direct experimental correlates, such as histone modifications and/or DNA accessibility (Pique-Regi et al., 2011; Whitington et al., 2009) . Considering histone H3K4 methylation, H3K27 acetylation, or DNase I hypersensitivity considerably improved prediction of individual TF peaks. Consistently with the presence of cohesin at almost all TF clusters, cohesin proximity was the most sensitive experimental correlate of TF binding.
Role of Cohesin in Clusters
Previous experiments have established that cohesin-binding sites on chromosome arms can be broadly classified into two types, those associated with CTCF, and those associated with TFs, mediator and NIPBL. We find here that cohesin sites in clusters do not associate with a single motif, but are instead enriched in motifs for multiple TF families, suggesting that several different TFs can participate in cohesin recruitment to clusters. Two roles have been proposed for cohesin in the TF clusters, mediation of looping between enhancers and promoters (Kagey et al., 2010) , and stabilization of TF binding (Faure et al., 2012) .
In this work, we analyzed the effect of loss of an enhancer on the proximal pattern of cohesin binding. We find that loss of one cohesin associated site, the Myc-335 enhancer (Sur et al., 2012) does not lead to loss of another paired site elsewhere within the locus. These results suggest that cohesin does not form a ring around two separate DNA sites on the same chromosome. In contrast, we find that TF cluster-associated cohesin sites are (B) Cohesin-associated sites remain accessible in M phase arrested cells. Histones (left; cohesin-proximal H3 peak indicated by blue dot) are packed tighter around cohesin in M phase, but that no corresponding change is observed in DNase I hypersensitivity (middle), which appears to be centered at cohesin sites (right). Heatmaps are row-normalized, and sorted according to interhistone distance in S phase. Color in left heatmap indicates inclination of histone H3 ChIP-seq signal (yellow = up, red = down), bars on right side indicate mean ± SEM of distance from cohesin peak summit to closest histone H3 summit. (C) A model for inheritance of TF cluster positions. In G1 phase of the cell cycle, cohesin (green circle) is bound to the TF (gray circles) cluster and histones (pink ovals) are excluded from this region. In S phase, the replication fork clears histones and TFs from DNA and replicates it. Cohesin remains bound to DNA, and helps the TFs to rebind to the cluster site. In mitosis, TFs are again cleared but cohesin remains bound, excluding histones from the cluster site and keeping the region accessible. After separation of chromosomes, when cohesin is removed from chromatin, it is loaded back by TF binding via the cohesin loading factor NIPBL, completing the cycle. See also Figure S7 . tethered to their sister chromatids after S phase, consistent with cohesin functioning similarly in centromeres and in chromosome arms.
These results do not rule out a role of cohesin in DNA looping in cis. Instead, they suggest that interaction between enhancers and promoters is mediated by two cohesin molecules, each of which is associated with its own DNA sequence. Cohesin could participate in the loop as a scaffold together with other protein complexes such as the mediator, which is known to connect enhancer-bound proteins (TFs) with promoter-bound ones (RNA pol II).
Potential Role for Cohesin in TF Cluster Inheritance
In the 4.6 Mb E.coli genome, it takes a single TF minutes to find its binding site (Hammar et al., 2012) . Interestingly, in human cells, accessible DNA based on DNase I hypersensitivity (Thurman et al., 2012) or TF occupancy (this paper) covers a region whose size is within an order of magnitude of this number. At each cell division, most TFs are evicted from the chromatin sites where they were bound. Given the size and complexity of the human genome, it is unclear how the state of TF binding to DNA can be recreated within a timeframe that would allow the rate of cell divisions typically observed. One possibility is that a mechanism exists by which DNA accessibility can be inherited. Based on our findings that: 1) almost all large TF clusters contain cohesin, 2) nucleosomes are excluded from cohesin sites, 3) cohesin sites at non-TF clusters are accessible for DNase I but depleted of TF-binding motifs, 4) cohesin loss leads to decreased DNase I accessibility and TF binding at cluster sites, 5) cohesin binds sister chromatids together at cluster sites, and 6) cohesin binding is maintained during S and M phases when most TFs are cleared, we propose a reciprocal model of epigenetic inheritance of TF clusters. In this model, cohesin would carry information about TF cluster positions across the S and early M phases, when TFs are cleared. TFs would, in turn, bind to cohesin sites after removal of cohesin from its position between the nucleosomes in late M phase ( Figure 7C ). Such a mechanism would facilitate inheritance of TF-binding patterns, and at the same time be robust to perturbations of cohesin positioning, as regions that lack TF-binding sites would not be occupied even if they transiently become accessible. Recovery of individual clusters that would fail to retain cohesin across the cell cycle, and establishment of new TF clusters in turn would occur via loading of cohesin by pioneer TFs (Zaret and Carroll, 2011) .
It is not well established how chromosome condensation leads to loss of TF binding. We show here that loss of TF binding occurs despite presence of open chromatin next to cohesin sites. Further analyses will be required to understand why endogenous TFs do not bind to such accessible DNA.
Functionalizing the Noncoding Cancer Genome
In addition to understanding basic principles of gene regulation in humans, the clustering of TFs is important for analyzing genomic data. We find here that only $20 Mb of the noncoding genome is bound by TFs, and that this region can be identified using cohesin positions as markers. The cohesin positions highly overlap between the two cell lines analyzed here, and also between the cell lines and colorectal cancer samples (data not shown). As most substitutions and small indels are likely to have no effect outside of TF clusters and exons, analysis of genome-wide association studies and cancer genome sequencing data may be much easier than what has been previously thought. Analysis of the exome, microRNAs, and TF cluster regions (a ''functional'' genome of $50 Mb) together with large deletions and translocations outside of these regions may be sufficient to capture most nonneutral human genetic variation, and to interpret the consequences of mutations found in cancer genomes.
EXPERIMENTAL PROCEDURES Mice
Myc-335 null (Sur et al., 2012) and wild-type mice were maintained on a C57Bl/ 6 background. All animal experiments were performed in accordance with the local ethical guidelines.
Cell Culture and RNAi
LoVo (ATCC CCL-229) and GP5d (ECACC cat no. 95090715) colon adenocarcinoma cells were cultured in DMEM supplemented with penicillin/streptomycin and 10% FBS under standard culture conditions. For reverse transfection, 5 ml of HiPerfect (QIAGEN) was mixed with 50 nM of siRNA oligos targeting human RAD21 (Thermo Scientific, cat no M-006832-01), SMC3 (M-006834-01) or neutral control (QIAGEN, cat no 1027281) in 100 ml of Opti-MEM (Invitrogen), vortexed vigorously, transferred to a 24-well tissue culture plate and incubated for 10 min at room temperature.
80% confluent GP5d cells were trypsinized, washed with PBS and resuspended in culture medium. Cells ($1-3 3 10 4 ) were added on top of the transfection mixture and cultured for 72 hr before harvesting. Knockdown efficiency was monitored using qPCR and western blotting.
ChIP-Seq
ChIP-seq from cell lines and mouse tissues was performed essentially as described in Tuupanen et al. (2009) and Sur et al. (2012) , respectively. Cells or mouse colon tissues were crosslinked by 1% formaldehyde, and DNA was sonicated to 200-500 bp fragments. Antibodies (5 mg) were added and collected using protein G Sepharose (GE). Crosslinks were reversed and proteins digested by incubation with proteinase K at 65 C overnight. DNA was then purified using QIAGEN PCR purification kit. The 239 and 83 antibodies used in the main LoVo TF set experiments and in GP5d experiments, respectively, are listed in Table S5 . Two hundred and thirteen of the 239 antibodies used were ChIP-grade as guaranteed by the manufacturer, in the vast majority of cases the residues used as antigen are also specified by manufacturer.
Two cohesin antibodies (RAD21, SMC3) were validated by RNAi followed by western-blot. In each experiment, a control nonspecific IgG was included. Cell cycle synchronization, detailed ChIP-seq control analyses, microarray analyses, sequencing, sister chromosome proximity ligation, FAIRE, and DNase I hypersensitivity assays and related computational methods are described in Extended Experimental Procedures.
ACCESSION NUMBERS
European Nucleotide Archive accession number for genomic sequencing data is ERP002229. Gene Expression Omnibus accession number is GSE48448 for the microarray data and GSE49402 for the ChIP-seq data.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Extended Experimental Procedures, seven figures, and five tables and can be found with this article online at http://dx.doi. org/10.1016/j.cell.2013.07.034.
